Amiselimod (MT-1303) is a selective sphingosine 1-phosphate 1 (S1P 1 ) receptor modulator which is currently being developed for the treatment of various autoimmune diseases. Unlike some other S1P receptor modulators, amiselimod seemed to show a favourable cardiac safety profile in preclinical, phase I and II studies. The aim of the current study was to characterize the cardiac effects of amiselimod by directly comparing it with fingolimod and placebo.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Fingolimod is the first sphingosine 1-phosphate (S1P) receptor modulator approved for the treatment of relapsingremitting multiple sclerosis (RRMS).
• At initiation of fingolimod treatment, at least 6 h of cardiac monitoring is required due to its known negative chronotropic effect.
• Amiselimod is a selective S1P 1 receptor modulator which has been shown to have a strong anti-inflammatory effect in patients with RRMS, yet without any significant cardiac adverse effects.
WHAT THIS STUDY ADDS
• Amiselimod demonstrated a more favourable cardiac safety profile than fingolimod over 28-day administration.
• Unlike fingolimod, there were no clinically relevant cardiac adverse effects observed with amiselimod at doses up to 0.8 mg. Dose titration was not necessary.
• Cardiac safety monitoring after the first dose of amiselimod is therefore considered unwarranted.
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G protein-coupled receptors [2] S1P 1 receptor S1P 2 receptor S1P 3 receptor S1P 4 receptor Introduction Fingolimod (FTY720, Gilenya®) is the first sphingosine 1-phosphate (S1P) receptor modulator approved for the treatment of relapsing-remitting multiple sclerosis (RRMS) [4] . The therapeutic effects of fingolimod are primarily obtained by functional antagonism of the lymphocytic sphingosine 1-phosphate 1 (S1P 1 ) receptor, which consequently inhibits S1P 1 -dependent lymphocyte egress from secondary lymphoid organs to the periphery, decreases circulating lymphocytes including autoreactive T cells, and exhibits immunomodulatory effects [5] . The efficacy of fingolimod has been demonstrated in clinical trials in patients with RRMS [6] [7] [8] . However, fingolimod is known to cause a transient reduction in heart rate (HR), which typically occurs within 6 h of dosing [9, 10] . This is thought to be due to the agonistic activity of fingolimod phosphate (fingolimod-P; the active metabolite of fingolimod) at S1P 1 and/or S1P 3 receptors on atrial myocytes, resulting in activation of the G protein-coupled inwardly rectifying potassium (GIRK) channel [11] [12] [13] [14] [15] [16] [17] . This acute negative chronotropic effect caused by fingolimod has led to a recommendation in the prescribing information to monitor all patients for at least 6 h after the first dose [4] .
Amiselimod (also known as MT-1303) is an oral selective S1P 1 receptor modulator which is currently being developed for the treatment of various autoimmune diseases. Amiselimod is converted to its active metabolite, amiselimod phosphate (amiselimod-P) in vivo and, unlike fingolimod-P, amiselimod-P has little agonistic activity at human S1P 3 receptors [18] . In addition, amiselimod-P has shown a significantly attenuated potential to activate the GIRK channel in human atrial myocytes compared with fingolimod-P in an in vitro GIRK channel assay [18] . The favourable cardiac safety profile of amiselimod has also been demonstrated in human subjects: In a phase I multiple ascending dose study in healthy subjects, no clinically significant negative chronotropic/dromotropic effects were observed at doses up to 0.75 mg [18] . In the phase II study, which enrolled more than 400 patients with RRMS, amiselimod up to 0.4 mg has shown a benign safety profile in addition to its superior efficacy to the placebo control [19] .
The aim of the present phase I study was further to examine and characterize the cardiac effects of amiselimod in healthy subjects. For this purpose, the safety and tolerability of two selected doses of amiselimod were evaluated and compared with placebo (in a double-blind manner) and openlabel fingolimod (0.5 mg; an approved therapeutic dose) as an active control. The anticipated therapeutic dose of amiselimod was considered to be 0.4 mg, whereas 0.8 mg was chosen as a supratherapeutic dose [18, 19] . As the potential negative chronotropic/dromotropic and inotropic effects were of particular interest, frequent Holter electrocardiogram (ECG) and echocardiography assessments were performed throughout the study (see Methods for details). In addition, the potential pulmonary effect was assessed by pulmonary function testing using spirometry. Other safety and tolerability parameters, including vital signs, 12-lead ECG, safety laboratory values and adverse events (AEs), were also evaluated.
Methods
Subject selection
Healthy males (≥60 kg) and females (≥50 kg) of nonchildbearing potential, aged 18-55 years with a body mass index (BMI, Quetelet index) of 18-30 kg m -2 , were eligible for the study. Subjects were required to have normal or no clinically significant 12-lead ECG findings, with a HR of 50-85 bpm and corrected QT interval using the Fridericia formula (QTcF) of ≤450 ms at screening, Day À2 and at predose on Day 1. Subjects were also required to have no clinically significant abnormalities in the 24-h Holter ECG at screening, including an ectopic beat rate of less than 0.5% of total beats and no second-degree or higher atrioventricular (AV) block (occasional nocturnal Mobitz type I AV block was acceptable). Vital signs were required to be within normal ranges, including systolic blood pressure (90-140 mmHg) and diastolic blood pressure (50-90 mmHg). Subjects were excluded if they had taken any prescribed or nonprescribed medications within 14 days prior to the first dose administration, if they had ever taken any S1P receptor modulator and if they had any evidence or history of clinically relevant diseases, including endocrine, thyroid, hepatic, respiratory, gastrointestinal, renal or cardiovascular diseases; eye disorders; or a history of psychiatric/psychotic disorders, tuberculosis or alcohol/drug abuse. Other exclusion criteria included positive tests for pregnancy, hepatitis B and C, and human immunodeficiency virus (type 1 or 2); negative test for herpes zoster/varicella immunoglobulin G; any clinically relevant physical findings or safety laboratory values at screening or Day À2; and lymphocyte counts <1.00 × 10 9 l -1 at screening or Day À2.
Study design and treatments
This was a single-centre, randomized, parallel-group, partially blinded, placebo-controlled, multiple oral dose clinical study. It consisted of the screening period (Days À28 to À3), the confinement period (Days À2 to 30) and the follow-up period (Days 35 to 77) ( Figure S1 ). Following the screening, eligible subjects were admitted to the clinical unit on On Day À1, all eligible subjects received a single-blinded dose of placebo and were then randomized (in a 1:1:1:1 ratio) to receive either amiselimod 0.4 mg, amiselimod 0.8 mg, placebo matching to amiselimod or fingolimod 0.5 mg. After confirmation of study eligibility on Day 1, randomized subjects received a once-daily dose of the study medication at approximately the same time in the morning of Days 1 to 28. Amiselimod and its matching placebo were administered in a double-blind manner, whereas fingolimod was administered in an open-label manner. The lymphocyte and white blood cell counts data were blinded at all postdose timepoints to all study personnel (except safety laboratory staff) during the study. The trial was registered with EudraCT, number 2014-001520-29.
The study was conducted at a single study site (Covance CRU Ltd., Leeds 
Study assessments
Chronotropic and dromotropic effects were evaluated using continuous, 24-h Holter ECG (M3R, 3-channel Holter recorder, Global Instrumentation, Manlius, NY, USA) on Days À1 (baseline), 1, 2, 7, 14, 21, 28 and 42. On each Holter assessment day, the recording was started 1 h prior to the dosing time and therefore included the 1 h predose interval and 23 hourly postdose intervals. For Day 42 in the follow-up period, Day 1 dosing time was used to define hourly intervals. Mean hourly HR was derived from the Holter recording as the average HR at each hourly interval. All arrhythmic events detected by Holter ECG were analysed consistently as per the Holter Alert Criteria, which consist of 27 predefined arrhythmic parameters (Table S1 ). Echocardiography (two-dimensional and Doppler) was performed on Days À2 (baseline), 1, 14, 28 and 42 to measure stroke volume (SV), cardiac output (CO), systemic vascular resistance (SVR) and ejection fraction (EF). Pulmonary function was evaluated using spirometry on Days À2 (baseline), 13, 27 and 35 to measure the forced expiratory volume in 1 s (FEV 1 ), forced vital capacity (FVC), forced expiratory flow at 25% to 75% of forced vital capacity (FEF 
Statistical analyses
Mean hourly HRs from 1 h predose to 23 h postdose intervals were analysed as a repeated measure using a generalized linear mixed model, including a fixed effect of treatment-byhour-by-visit and baseline mean hourly HR (at predose on Day À1) as a covariate. A Kronecker product correlation structure was used to model the within-subject variance covariance errors. The Kenward-Roger approximation was used to estimate the denominator degrees of freedom. Least squares (LS) means (in mean hourly HRs) vs. the hour, together with 95% confidence bands, were plotted. Negative chronotropic effects were also evaluated using nadir (1-6 h), nadir (1-12 h), nadir (12-23 h) and nadir (1-23 h), which were defined as the lowest mean hourly HR at each postdose time period on each day. Changes from baseline in nadirs, where baseline was the derived parameters on Day À1, were analysed using the mixed model for repeated measures (MMRM), including treatment and scheduled visit as fixed effects, the corresponding baseline-derived parameter on Day À1 as a covariate, and treatment-by-visit and baseline-by-visit interactions. An unstructured correlation structure was used to model the within-subject variance covariance errors. P-values on treatment differences vs. placebo by visit were calculated. No multiplicity adjustments were made as this was an exploratory phase I study. The negative dromotropic effect was evaluated using arrhythmic parameters defined in the Holter Alert Criteria (Table S1 ), which were summarized using descriptive statistics. For the inotropic and pulmonary assessments, observed values in all predefined parameters (SV, CO, SVR and EF in echocardiography, and FEV 1 , FVC, FEF and FEV 1 /FVC in spirometry) were summarized at each scheduled visit by treatment groups using descriptive statistics.
Pharmacodynamic and other safety assessments were summarized using appropriate descriptive statistics. Pharmacokinetic parameters, including maximum plasma concentration (C max ) and area under the plasma concentration-time curve after administration (AUC τ ), were calculated for amiselimod/amiselimod-P. A half-life (t ½ ) was calculated for amiselimod/amiselimod-P and fingolimod/ fingolimod-P. Pharmacokinetic parameters were derived by noncompartmental (linear-linear model) analysis using WinNonlin® Professional version 6.3 (Pharsight, Princeton, NJ, USA) and summarized using descriptive statistics. Nadir (1-6 h) mean hourly HRs were plotted against nadir lymphocyte counts at postdose on Day 1 on a scatter plot with a regression line for each treatment, with 80% confidence bands. The same analysis was performed by plotting the lowest nadir (1-6 h) mean hourly HRs vs. nadir lymphocyte counts during the 28-day treatment period. All statistical analyses were conducted using SAS version 9.2 or later.
Sample size was not based on a formal statistical calculation because this was a phase I exploratory study. The sample size was planned primarily to characterize the chronotropic/dromotropic and inotropic effects of amiselimod. A total of 80 subjects (20 per treatment group) were considered sufficient for this purpose.
Results
Study population
A total of 81 subjects were randomized to the amiselimod 0.4 mg (n = 21), amiselimod 0.8 mg (n = 19), placebo (n = 21) and fingolimod 0.5 mg (n = 20) groups. Two subjects randomized in the amiselimod 0.4 mg group were withdrawn from the study before receiving the amiselimod dose (one owing to an AE on Day À1 and one because of a low HR at predose on Day 1). Therefore, 79 subjects were included in the safety population, with 19, 19, 21 and 20 subjects in the amiselimod 0.4 mg, amiselimod 0.8 mg, placebo and fingolimod groups, respectively (Table 1) . Three subjects were withdrawn from the study after Day 1: one in the fingolimod group was withdrawn on Day 1 owing to a serious AE (SAE) (see Tables 3 and 4 for more details), one in the fingolimod group was lost to follow-up on Day 44 and one in the placebo group withdrew consent on Day 4. Demographics and baseline characteristics were generally well balanced across the treatment groups. Overall, the mean age of the subjects was 34 years (range 19-55 years), the mean weight was 79.0 kg (range 60.8-103.8 kg) and the mean BMI was 25.1 kg m -2 (range 19.9-29.5 kg m -2 ). All subjects were male.
Overview of changes in mean hourly HR over time
The mean hourly HR data from Day À1 to Day 42 are presented in Figure 1 . Overall, there was no apparent disturbance of the circadian rhythm of HR in either amiselimod groups or the fingolimod group compared with placebo. At baseline (Day À1), there were no notable differences in mean hourly HR between any of the groups throughout the day. On Day 1, the mean hourly HR profiles for both amiselimod groups were similar to that seen for the placebo group, which was consistent with the profiles observed on Day À1. In the fingolimod group, a rapid decrease in mean hourly HR compared with the placebo group was seen within the first 6 h after dosing on Day 1 and HR remained reduced during the rest of the day. On Day 2, a slight reduction in mean hourly HR was seen throughout the day in both amiselimod groups compared with placebo, although there was no sign of a rapid reduction within the first 6 h postdosing. In the fingolimod group, a marked reduction in mean hourly HR was still present in the first 6 h and no overlap of 95% confidence intervals (CIs) occurred with the placebo group throughout the day. On Day 7, a decrease in mean hourly HR seemed to become most apparent in both amiselimod groups compared with placebo, which was largely limited within the first 12 h after dosing. Notably, the magnitude of the reduction was smaller than that of the fingolimod group at any time. On Day 14, the pattern was similar to that seen on Day 7 for all groups. On Day 21, the effects of both amiselimod doses in mean hourly HR had mostly resolved. On Day 28, there was only a small difference between the amiselimod and placebo groups, whereas the effect of fingolimod was still clearly visible, particularly during the first 12 h of dosing. On Day 42 (14 days after the last dose), the mean hourly HR profiles for all active treatment groups were similar to that seen in the placebo group.
Nadir mean hourly HR
The changes from baseline in nadir mean hourly HRs at prespecified time periods on each Holter assessment day are presented in Figure 2 . LS mean differences vs. placebo are provided in Table 2 . There was no significant change in nadir (1-6 h) mean hourly HR on Day 1 or 2 in either of the amiselimod groups compared with placebo. The lowest nadir (1-6 h) during the 28-day treatment period was seen on Day 14 in the amiselimod 0. Comprehensive analysis of rhythm abnormalities as per the Holter Alert Criteria HR and cardiac rhythm were assessed as per the Holter Alert Criteria (Table 3) . Mean hourly HR analysis is not sensitive Cardiac effects of amiselimod compared with fingolimod and placebo
Figure 1
Mean hourly heart rate (HR) in all treatment groups on Days À1 (baseline), 1, 2, 7, 14, 21, 28 and 42. Results are shown as the least squares (LS) mean, with 95% confidence bands indicated in faded colours. Note: A temporary increase in mean hourly HR was observed at approximately 3-4 h and 10-11 h after dosing in all groups, which corresponded to lunch and dinner mealtimes. The increase was larger for the evening than the daytime meal because subjects were allowed to move off the ward for dinner, whereas they were required to remain on their beds for lunch enough to detect 'short-term' bradycardia episodes. To identify such events, three criteria for short-term bradycardia were defined and evaluated: No episodes of 'pause ≥3 s' or 'marked bradycardia episode at HR ≤30 bpm lasting ≥15 s' were reported in any treatment group. 'Bradycardia minimum at HR ≤40 bpm lasting ≥30 s' was seen more frequently in the fingolimod group compared with both amiselimod groups ( Table 3 ) but none of these episodes were considered to be clinically relevant by the investigator. All rhythm abnormalities recorded on Holter ECG were also reviewed thoroughly. No significant arrhythmic events were observed in any treatment group, except for one subject in the fingolimod group; a 39-year-old Caucasian male subject reported clinically significant Mobitz Type I AV block (382 episodes), 2:1 AV block (89 episodes) and exacerbation of first-degree AV block (PR interval prolongation was also confirmed in the 12-lead ECG: 224 ms at baseline, 332 ms at 6 h postdose, 344 ms at 12 h postdose) on Day 1, which led to withdrawal from the study medication (see Other safety and tolerability assessments below). No first-or second-degree AV block of clinical concern occurred in either amiselimod group. Of note, no ventricular or supraventricular tachyarrhythmia of clinical significance was detected in any group. Figure 3 shows the mean SV, CO, SVR and EF on Days À2, 1, 14, 28 and 42. None of these parameters showed clinically meaningful changes from baseline (Day À2) in either amiselimod group (Table S2) . By contrast, a slightly larger decrease from baseline in the CO was seen in the fingolimod group on Day 1 (mean -0.720 l min -1 ) and Day 14 (À0.839 l min -1 ). However, as the mean CO values were above 3.9 l min -1 (reference range 4.0-8.0 l min -1 ) on both days, these changes were not considered to be clinically significant.
Potential inotropic effect assessed by echocardiography
Potential pulmonary effect assessed by spirometry Figure S2 shows the mean FEV 1 , FVC, FEF and FEV 1 /FVC on Days À2, 13, 27 and 35. There were no clinically relevant changes observed in any treatment group.
Figure 2
Nadir mean hourly heart rate at each postdose time. Results are shown as least squares mean AE standard error. Dashed curves represent the changes during the follow-up period. *P < 0.05
Pharmacokinetic assessments
The pharmacokinetic parameters for amiselimod and amiselimod-P are presented in Table S3 . The mean C max and AUC τ of amiselimod and amiselimod-P in the amiselimod 0.8 mg group were approximately double those in the amiselimod 0.4 mg group on each study day. The mean t ½ Nadir (1-6 h), nadir (1-12 h) and nadir (1-23 h) are the lowest mean hourly heart rate from the dosing time to 6 h, 12 h and 23 h postdose, respectively. Nadir (12-23 h) is the lowest mean hourly heart rate from 12 h postdose to 23 h postdose. Least squares (LS) means and confidence intervals (CIs) are based on a mixed model for repeated measures, with treatment and scheduled visits as fixed effects, baseline-derived parameter (Day À1) as a covariate and treatment-by-visit and baseline-by-visit interactions. Table 3 Negative chronotropic and dromotropic effects assessed by the Holter Alert Criteria The number of patients was the count of unique patients with at least one valid observation. Data shown as numbers (%) a 'Marked bradycardia minimum at heart rate ≤30 bpm lasting ≥15 s' and 'pause ≥3 s' were not reported in any treatment group b 'Mobitz Type II 2nd degree AV block', 'high-grade AV block' and 'complete heart block' were not reported in any treatment group c One subject reported clinically significant Mobitz Type I AV block (382 episodes), 2:1 AV block (89 episodes) and exacerbation of first-degree AV block (PR interval >330 ms at postdose) on Day 1, which led to the withdrawal from the study medication Cardiac effects of amiselimod compared with fingolimod and placebo was similar in both amiselimod groups: 444 h for amiselimod and 443 h for amiselimod-P in the amiselimod 0.4 mg group, and 432 h for amiselimod and 437 h for amiselimod-P in the 0.8 mg group. The mean t ½ of fingolimod was 255 h but the mean t ½ of fingolimod-P could not be calculated owing to its concentration below the lower limit of quantification on Days 42, 56 and 77.
Pharmacodynamic assessments
Peripheral lymphocyte counts decreased in a dose-dependent manner in the amiselimod groups during the 28-day treatment period ( Figure 4A ). The reduction in the amiselimod 0.8 mg group followed a generally similar pattern to that seen in the fingolimod group, whereas the reduction seen in the amiselimod 0.4 mg group was more gradual. On Day 28 (648 h), the mean lymphocyte counts were 0.70 × 10 9 l -1 , 0.55 × 10 9 l -1 and 0.63 × 10 9 l -1 in the amiselimod 0.4 mg, 0.8 mg and fingolimod groups, respectively (1.99 × 10 9 l -1 in placebo), which corresponded to approximately 61%, 73% and 68%, respectively, of lymphocyte reductions from baseline values. No subjects in any treatment group met the protocol-defined withdrawal criterion of lymphocytopenia (i.e. absolute lymphocyte count ≤0.20 × 10 9 l -1 , confirmed in a subsequent repeat test). After the last drug administration, the fingolimod group showed a faster recovery of lymphocyte count than both amiselimod groups, which would have been in line with the differences in the elimination t ½ between these two compounds. On the last follow-up day (Day 77; 1824 h), the mean lymphocyte counts returned to 84.3%, 77.1% and 59.8% of baseline values in the fingolimod group, and the amiselimod 0.4 mg and 0.8 mg groups, respectively.
Relationship between the pharmacodynamic effect and negative chronotropic effect
During the first day of drug administration, all active treatment groups followed a generally normal circadian rhythm of lymphocytes (as shown in the placebo group) and the mean lymphocyte counts remained within the reference range (0.99-2.99 × 10 9 l -1 ) ( Figure 4B ). However, the reduction in lymphocyte counts suggested similar but slightly different pharmacodynamic effects of amiselimod and fingolimod on Day 1. To evaluate the potential relationship between the onset of the pharmacodynamic effect and the negative chronotropic effect caused by each drug, we compared nadir lymphocyte counts (1-24 h) and nadir (1-6 h) mean hourly HR on Day 1 ( Figure 5A ). Overall, neither dose of amiselimod showed a clear relationship between mean hourly HRs and lymphocyte counts, which was similar to the finding in the placebo group. By contrast, the fingolimod group presented lower mean hourly HRs with decreasing lymphocyte counts following the first dose. We further explored whether there was a relationship between the maximum pharmacodynamic effect and negative
Figure 5
Relationship between the pharmacodynamic effect and negative chronotropic effect. Nadir lymphocyte counts and nadir (1-6 h) mean hourly heart rates in all subjects (A) on Day 1 and (B) during the 28-day treatment period are plotted. Results are shown as mean AE 80% confidence bands chronotropic effect during the 28-day treatment period ( Figure 5B ). Over 28 days, the lowest nadir (1-6 h) mean hourly HR was generally higher in both amiselimod groups compared with the fingolimod group, regardless of the values of nadir lymphocyte counts. This indicated that there was a notable difference in the negative chronotropic effect caused by the two tested drugs when the similar pharmacodynamic effect on lymphocyte count was achieved.
Other safety and tolerability assessments
Both amiselimod doses administered once daily for 28 days were well tolerated in healthy subjects. Most subjects experienced at least one treatment-related AE during the study, although there was no notable difference between the groups (Table 4) . No SAEs were reported and there was no withdrawal due to an AE in either of the amiselimod groups. Fingolimod was also generally well tolerated, although there was one treatment-related SAE (i.e. clinically significant 2:1 AV block) in the fingolimod group (see Comprehensive analysis of rhythm abnormalities above). This event was judged as mild in intensity as no symptoms of cardiac origin were reported. Apart from this case, there were no AEs and no clinically significant findings in vital signs, 12-lead ECG or safety laboratory values in any treatment group. Regarding QTcF prolongation, three subjects (one in each active treatment group) had a QTcF of 450-480 ms at one postdose time point during the study. No subjects had a QTcF of >480 ms at any time point. Changes from baseline in QTcF of >30 ms occurred in all groups, with nine subjects (42.9%) in the placebo group, four (21.1%) in the amiselimod 0.4 mg group, eight (42.1%) in the amiselimod 0.8 mg group and eight (40.0%) in the fingolimod group. No subjects in any group had a QTcF prolongation of >60 ms from baseline (Table S4) .
Discussion
This study was designed to characterize the cardiac safety profile of amiselimod in healthy subjects. The frequent Holter ECG and echocardiography assessments allowed for a comprehensive evaluation of the potential negative chronotropic/dromotropic and inotropic effects of amiselimod. An anticipated clinical dose (0.4 mg) of amiselimod administered once daily for 28 days achieved >60% of lymphocyte reductions from baseline, which Table 4 Summary of treatment-emergent adverse events with an incidence of ≥10% (by System Organ Class) is expected to show some immunomodulatory effects. A supratherapeutic dose (0.8 mg) of amiselimod was included to understand the safety margin of this compound in humans. The addition of the fingolimod group enabled us directly to compare two selected doses of amiselimod with fingolimod, which is the only S1P receptor modulator currently on the market. The data obtained for fingolimod in the present study were consistent with its known cardiac, pharmacodynamic and exposure profiles [10, 17, 20] . The potential for a negative chronotropic effect of amiselimod and fingolimod was evaluated in detail by using Holter ECG parameters; mean hourly HR and short-term bradycardia defined in the Holter Alert Criteria. All data derived from these parameters clearly demonstrated a lower risk of bradycardia in amiselimod, especially at the 0.4 mg dose, when compared with fingolimod. The difference was most evident during the first 6 h after administration on Day 1, during which amiselimod showed no sign of the first-dose effects on HR. The lowest nadir (1-6 h) mean hourly HR during the 28-day treatment period was observed on Day 7 or 14 in the amiselimod groups. However, the magnitude of reduction was still smaller than that seen in the fingolimod group on Day 1, during which cardiac safety monitoring for at least 6 h is recommended [4] . The difference in the negative chronotropic effect between the two drugs was also evident when a similar pharmacodynamic effect was observed over 28 days. The short-term bradycardia episodes of 'pause ≥3 s' and 'marked bradycardia episode at HR ≤30 bpm lasting ≥15 s' were considered to be medically important as subjects could be symptomatic due to these events. However, no such episodes were reported in any treatment group during the study. The number of AEs, including cardiac disorders, in each amiselimod group was similar to that in the placebo group.
No AV block of clinical concern was detected in either amiselimod group but one subject in the fingolimod group was withdrawn owing to highly frequent 2:1 AV blocks. To date, there have been no clinically significant AV blocks reported in amiselimod phase I and II studies [18, 19] . All of these findings suggested that amiselimod up to 0.8 mg is unlikely to induce any significant dromotropic effect in humans, although this hypothesis needs to be further validated in large-scale and longerterm studies. All of these data strongly indicate that, unlike fingolimod, patients treated with amiselimod would not require any cardiac safety monitoring after starting treatment.
It is known that S1P 1 receptors expressed in ventricular myocytes are involved in changes in cardiac contraction [15, 21] . The present study was the first in which an inotropic effect of amiselimod was investigated in humans. The study demonstrated that amiselimod up to 0.8 mg did not show any change in the SV, CO, SVR or EF in healthy subjects. By contrast, a slight decrease in the mean CO was seen in the fingolimod group on Days 1 and 14. This change is likely to reflect the largest HR reduction observed on the same study day in this group.
The mechanisms to explain these differences between amiselimod and fingolimod are not yet well characterized. The previously published data from animal (rodent) studies strongly suggested that the S1P 3 receptor is predominantly responsible for a transient bradycardia caused by fingolimod, which has an agonistic affinity to S1P 1 and S1P 3-5 receptor subtypes [11, 12, 22] . However, recent clinical studies revealed that two selective S1P receptor modulators, siponimod (BAF312) and ceralifimod (ONO-4641), did show a significant HR reduction after the first dose in healthy human subjects, despite their lack of S1P 3 agonist activity [23, 24] . Thus, it should be noted that pathogenesis of the cardiac signal transduction system in animal models may not necessarily reflect that in humans owing to species differences in basal HR, inherent ion channel expression, the tissue distribution of S1P receptor subtypes or a combination of these factors [23, [25] [26] [27] . Indeed, Rey et al. indicated that the effects on HR and AV conduction are caused via activation of the S1P 1 receptor in guinea pigs as well as in humans [26] . However, such effects in guinea pigs did not completely mimic those in humans; even a high dose of fingolimod (0.1 mg kg -1 per 10 min, intravenously) and ponesimod (30 mg kg -1 , orally) did not lower the atrial rate in guinea pigs [26, 27] . Mazurais et al. have shown that, in humans, S1P 1 receptor mRNA and protein are strongly expressed in atrial, septal and ventricular cardiomyocytes, whereas S1P 3 receptor mRNA is only weakly expressed both in atria and ventricles [28] . However, further confirmatory studies are necessary because strong expression both of S1P 1 and S1P 3 receptors in human atrial myocytes has also been reported [29] . It is our current understanding that S1P 1 agonists which do not bind to S1P 3 receptors result in bradyarrhythmia in humans. However, the possibility that S1P 3 agonism alone could at least partially contribute to this adverse effect in humans cannot be ruled out at present [14] [15] [16] .
Our preclinical studies have previously demonstrated a slower conversion speed of amiselimod to its active metabolite, amiselimod-P, in human cardiomyocytes as well as a lower distribution of amiselimod-P in heart tissues in rats compared with fingolimod-P, both of which are likely to contribute to a gradual internalization of the receptor complex on atrial myocytes [18] . In addition, we have reported a significantly weaker potential of amiselimod-P to activate the GIRK channel in human atrial myocytes compared with fingolimod-P [18] . Based on these findings, it is conceivable that the different kinetics of S1P receptor occupancy and internalization may have an impact on the strength of the S1P downstream signal related to GIRK channel activation. Interestingly, unlike siponimod [23] , these unique biological characteristics of amiselimod seen in our preclinical studies were well translated to human subjects, as demonstrated in the present study. The negative chronotropic effect of amiselimod was largely limited up to 12 h after dosing on Days 7 and 14, which may reflect a low distribution of amiselimod-P in the human heart. After 12 h, compensatory mechanisms by the autonomic nervous systems may intervene to prevent a significant lowering of HR. The findings in the present study were also consistent with those in our previous phase I and II studies in healthy subjects and patients with RRMS, which showed that amiselimod at doses up to 0.75 mg (for 21 days in phase I) and up to 0.4 mg (for 24 weeks in phase II) were well tolerated and did not cause any clinically relevant bradyarrhythmia [18, 19] . A long elimination t ½ (approximately 430-450 h) of both amiselimod and amiselimod-P in humans was also shown in the present study, indicating that both will slowly accumulate to reach their steady-state concentrations over a period of approximately 10 weeks, with more than 10-fold accumulation. As it is known that a rapid increase in drug concentration triggers GIRK-dependent signalling [26] , this pharmacokinetic profile would be beneficial to initiate amiselimod treatment; an initial dose has little cardiac effect, and desensitization can be expected to occur gradually over several weeks of accumulation. Thus, amiselimod up to 0.8 mg was administered safely, without the need for a dose titration regimen. By contrast, dose titration was required to attenuate HR reduction following treatment initiation with other selective S1P receptor modulators such as siponimod, ponesimod and ozanimod (RPC-1063) [30] [31] [32] [33] .
The present study had some limitations. (i) This phase I study involved a small number of healthy male subjects at a single study site. A larger-scale study including females would be necessary to confirm these findings.
(ii) The duration of exposure in the study was limited to 28 days, so as not to compromise the safety of the subjects. However, as the maximum HR reduction and its recovery to baseline were confirmed with both drugs, the study duration was deemed sufficient to evaluate the differences between the two drugs on cardiac effects in the acute to subacute phases. (iii) As a result of practical limitations, placebo matching to fingolimod was not available at the time of the study. Therefore, fingolimod was administered in an open-label manner, rendering the study partially blinded. However, the primary aim of the study was to evaluate the cardiac effects of amiselimod and fingolimod. The 'objective' cardiac parameters, such as mean hourly HR, bradyarrhythmia episodes and echocardiography parameters, were all assessed in a blinded manner and without the investigator's judgement. (iv) Because of frequent Holter ECG assessment, a 12-lead ECG was not performed intensively. Overall, there were no consistent trends in the QTcF interval in any treatment group. However, a thorough QT study is awaited, to evaluate formally the potential effect of amiselimod in QT prolongation. (v) As only trough concentrations of fingolimod and fingolimod-P were measured, the relationship between drug concentrations and lymphocyte counts and/or HRs in each drug could not be fully explored. However, a weaker negative chronotropic effect by amiselimod was seen when a similar pharmacodynamic effect was achieved.
In summary, the distinct cardiac safety characteristics of amiselimod in humans were successfully demonstrated in the present study. Unlike the observations with some other S1P receptor modulators, there were no clinically significant effects on cardiac rhythm at either of the amiselimod doses tested, especially within 6 h after the first dose. A wider safety margin of amiselimod 0.4 mg dose was also clearly demonstrated. These results strongly suggest that the 6-h cardiac safety monitoring required after the first dose of fingolimod is considered unwarranted with the use of amiselimod. To our knowledge, amiselimod is the only drug in this class which can be administered without the need of a dose titration regimen and cardiac safety monitoring. Figure S2 Changes in pulmonary function parameters over time. Spirometry was performed on Days -2 (baseline), 13, 27 and 35 to measure the forced expiratory volume in 1 s (FEV 1 ), forced vital capacity (FVC), the forced expiratory flow at 25% to 75% of forced vital capacity (FEF ) and the percentage of the vital capacity that is expired in the first second of maximal expiration (FEV 1 /FVC). Results are shown as mean AE standard deviation Cardiac effects of amiselimod compared with fingolimod and placebo
